, Er 3+ and Ga 3+ were well doped into the ZnO lattice. Effi cient visible up-conversion (UC) red and green emission were observed under 980 nm excitation. The mechanism of the UC luminescence is investigated on the basis of the UC luminescence emission spectra, the power curve and energy level diagram. The infl uence of doping ions to the intensity ratio of red to green is analyzed and high purity of red light (red/green = 29.9) is fi nally obtained.
INTRODUCTION
The up-conversion (UC) is a process that can convert the photons with low energy into high energy anti-Stokes luminescence, similar to converting the near-infrared (NIR) range into the ultraviolet, visible ranges by sequential absorptions of multiple photons
1
. Due to the long lifetime excited states, superb chemical durability and abundant energy levels of the trivalent lanthanide ions, inorganic materials which embedded by the lanthanide ions are named UC materials 2-4 . The UC materials have been obtained remarkable attention on account of the unique optical and electrical properties as well as the potential applications in sensors 5 , food safety 6 , photocatalysis 7 , photovoltaics 8, 9 , biological imaging
10, 11
and therapy 12- 14 . In recent years, the UC phosphors have great applied value in some domains, such as lighting, detection, and catalysis, many science researchers focused their attention on the synthesis and designs.
Because of the requisite of three primary colors (blue, green, red) emission and the adjustable relative intensities in the display, UC materials have been synthesized and widely studied recently. In UC materials, due to the fact that the host matrix is the determinant for the crystal fi elds around lanthanide ions, its properties can markedly infl uence the UC process 15 . The oxide matrix has been widely studied as the host matrix for its chemical and physical stability, high mechanical strength and environment friendly. The hexagonal wurtzite zinc oxide has caused the extensive worldwide concern and has been identifi ed as a superduper host matrix for visible and infrared UC phosphor on account of its wide band gap, long-term stability, relatively low material cost, large exciton binding energy (60 me V) and non-toxicity 
MATERIAL AND METHODS
Yb 3+ /Er 3+ /Ga 3+ tri-doped ZnO ceramic samples were synthesized via HTSS method. The raw and processed materials of the as-prepared samples were ZnO (2N purity), Ga 2 O 3 (4N purity), Yb 2 O 3 (4N purity) and Er 2 O 3 (4N purity).
The powders were accurately weighed and suffi ciently grounded enough fi ne in an agate mortar more than 4 hours. Subsequently, the well homogeneous powders were pressed to tablets at 16 MPa. After that, the pieces were sintered at 750 o C for 2 hours and then at 1200 o C for 8 hours to generate Yb 3+ /Er 3+ /GZO ceramics in Al 2 O 3 crucible.
The orthogonal experimental design of Yb 3+ /Er 3+ / GZO ceramics was investigated to search the optimal doping concentrations in order to obtain the optimal UC emission. From the orthogonal experimental design, the optimizing concentrations of Ga 3+ and Yb 3+ can be confi rmed (Table S1, Table S2, Table S3 and Fig. S1 ), but the concentration of Er 3+ ought to be properly adjusted in order to obtain the superior emission under 980 nm excitation. The concentrations of Ga 3+ and Yb 3+ remain invariant at 4.00 mol% and 3 mol%, respectively. The ceramic sample with concentrations (mol %) of 4.00 Ga 3+ /3.00 Yb 3+ /2.50 Er 3+ is used as the reference. The proportion (mol %) of used material in prepared samples is shown in Table 1. hexagonal system. Thus, the impurity ions should replace former Zn-site, but not the interstitial sites. Figure 2 shows the UC luminescence spectrums of samples under 980 nm excitation. The spectra consist of three dominant emission regions: (i) the extremely weak green emission between 545 nm and 558 nm which is assigned to the transitions of Er 3+ ions. (ii) the slightly stronger green emission between 558 and 569 nm, attributed to the Er 3+ ions' transitions.(iii) the intense red emission between 640nm and 695 nm corresponds to the transitions of Er 3+ ions 25 . The red luminescence intensity is obviously strong, but the green luminescence is relatively weaker. This phenomenon is probably attributed to the comparatively higher dosage concentration of Yb 3+ ions 26 . Thus, we focus on the increase of the dominant red emission. From Fig. 2 , the red intensity is invariably increasing before the concentration of Er 3+ reaching to 7.00 mol% and then the intensity is decreasing with the increase of Er 3+ . This is due to the increase of the Er 3+ ion from 2.5 mol% to 7 mol% that leads to the decrease of the distance between the adjacent Yb 3+ ion and Er 3+ ion, hence, the energy transfer (ET) becomes more effi cient. When the quantity of the Er 3+ ion is more than 7 mol%, the energy back transfer (EBT) from the 4 F 9/2 state of Er 3+ to 2 F 5/2 state of Yb 3+ has dominated. Therefore, the EBT leads to the decrement of the red intensity. It is worthwhile to mention that the red intensity is considerably strong, which means that Yb 3+ /Er 3+ /GZO ceramics are an excellent UC material. It should be very helpful The X-ray diffraction (XRD) was detected by an XRD-6000 diffraction with the CuKα1 radiation source (λ = 0.154056 nm) to identify the crystal phase of Yb 3+ / Er 3+ /GZO ceramics. The UC luminescence properties were measured by an SPEX1000M spectrometer. All these measurements in this article were performed at ambient pressure and room temperature, keeping the same test condition.
RESULTS AND DISCUSSION
As shown in Fig. 1 , obviously, the XRD image reveals that the diffraction peaks were completely consistent with the hexagonal wurtzite ZnO (PDF#36-1451) and no new diffraction peaks in ZnO cearmic were observed with the Yb 3+ , Er 3+ , Ga 3+ doped, which demonstrating all the ions were successfully incorporated into the host matrix. The angel of all the diffraction peaks has nothing shifted with the mixing of Yb 3+ , Er 3+ and Ga 3+ ions. The ion radius of erbium, ytterbium and galium is 0.88, 0.858 and 0.62Å respectively. It can be explained that although the radius of erbium ion and ytterbium ion is larger than zinc ion (0.74 Å), the gallium ion is smaller. Hence, the lattice parameter of ZnO almost has not changed during the doping process. The results suggest that the structures of the samples are not infl uenced changed by the doping ions, and the Yb 3+ /Er 3+ /GZO ceramics are still the for obtaining the novel UC phosphor which has strong emission intensity. Figure 3 shows the decay curves of in sample 1#, 3#, 5# and 6# at room temperature. ) . These results fi t perfectly with the phenomenon of Fig. 2 .
For the purpose of investigating the UC mechanism better, the intensity of red emission and green emission is measured with the adjustment of pump power (P). The pump power dependences of red and green emission in Yb 3+ /Er 3+ /GZO ceramics are shown in Fig. 4 . It is wellknown that UC is similar to the "unsaturated" process when being at low excitation intensity. The amount of photons can be determined by the mathematic relation when being in the emitting state 2 , where I f is luminescent intensity; n refers to laser photons that are needed to generate red or green light. The value of n can be obtained by log-log plot. Some former studies indicated that because of the "saturated" of the UC emission processes, the power dependence of UC emission turned into linear (n =1) if the excitation intensity is very high 27 . As is illustrated in Fig. 4 , the slopes n of red luminescence are 1.66, 1.57, 1.61 and that of green are 1.60, 1.50, 1.53 for samples 3#, 5# and 6#, respectively. It's known that the typical red and green emission luminescence is two-photon processes at 980 nm excitation. However, it is to be noted that the slope of red and green with the typical values has a big gap. This can be explained by the "satu rated" phenomenon that the competition between linear attenuation and UC could result in the depletion of intermediate excited states 28 . The UC emission processes can be inferred from Fig. 4 and Fig. 5 . The schematics of energy levels, populating and UC emissions processes are shown in Fig. 5 , the RGR is even to 29.9 and obtains a high purity of red light. But it should be pointed out that with the increasing doping ratio of Er 3+ ion, the RGR is decreasing as shown in Fig. 6 . It may be explained by the fact that the cross-relaxation (CR) process occurs with the increase of the Er 3+ ion, inducing an increment of the population on 4 F 7/2 state. In the meanwhile, the existence of the CR process causes a decrement of the population on the 4 I 11/2 state and leads to the reducing of the non-radiative decay to 4 I 13/2 state . Therefore, with the increasing of the Er 3+ ion, the green emission's intensity increases faster than the red one and results in the diminution of the RGR. The fi nding reveals that rational controlling the concentration of doping ions can obtain a variable proportion of red to green, even the high purity of red light.
and
. The results reveal that rational controlling the concentration of doping ions can obtain a variable proportion of red to green even the red light is high purity. The decay curves demonstrated that if the concentration of Er 3+ ions is redundant, the EBT will occur and lead the intensity of UC emission to decrease. The experimental results show that the GZO is one of the potential UC host materials. 
CONCLUSIONS
In summary, the Yb 3+ /Er 3+ co-doped GZO ceramics were triumphantly fabricated by HTSS method, the efficient UC emission was recorded. XRD patterns indicated that doping ions replaced the normal Zn-site and do not change the crystal structure of Yb 3+ /Er 3+ / GZO. The pump dependence and UC mechanism show that the UC red and green emission are two-photon processes under 980nm excitation and assigned to
